Insufficient oxygenation can limit the long-term survival of encapsulated islets in subcutaneous tissue. Transplantation of coencapsulated pig islets with adipose or bone marrow mesenchymal stem cells (AMSCs or BM-MSCs, respectively) was investigated with regard to implant vascularization, oxygenation, and diabetes correction in primates. The in vivo impact of MSCs on graft oxygenation and neovascularization was assessed in rats with streptozotocin (STZ)-induced diabetes that were subcutaneously transplanted with islets coencapsulated with AMSCs (n = 8) or BM-MSCs (n = 6). Results were compared to islets encapsulated alone (n = 8). STZ diabetic primates were subcutaneously transplanted with islets coencapsulated with BM-MSCs (n = 4) or AMSCs (n = 6). Recipients were monitored metabolically and immunologically, and neoangiogenesis was assessed on explanted grafts. Results were compared with primates transplanted with islets encapsulated alone (n = 5). The cotransplantation of islets with BM-MSCs or AMSCs in diabetic rats showed significantly higher graft oxygenation than islets alone (3% and 3.6% O 2 for islets + BM-MSCs or AMSCs, respectively, vs. 2.2% for islets alone). A significantly better glycated hemoglobin correction (28 weeks posttransplantation) was found for primates transplanted with islets and MSCs (7.4% and 8.1%, respectively) in comparison to islets encapsulated alone (10.9%). Greater neoangiogenesis was found in the periphery of coencapsulated islets and AMSCs in comparison to islets alone (p < 0.01). In conclusion, the coencapsulation of pig islets with MSCs can improve significantly the islets' survival/function in vitro. The coencapsulation of islets with MSCs improves implant oxygenation and neoangiogenesis. However, the cotransplantation of islets with MSCs improves only slightly the long-term function of a subcutaneous bioartificial pancreas in a primate preclinical model.
INTRODUCTION
Despite increasing efficacy rates (1, 17, 23, 28) , islet transplantation remains limited by the need for chronic immunosuppression (tacrolimus, sirolimus, daclizumab) , which is associated with serious side effects, including nephrotoxicity, hypertension, carcinogenicity, and hypersensitivity to infections (14, 22, 27) . Encapsulation of donor islets in a semipermeable matrix suppresses the need for lifelong immunosuppression. Immunoisolation protects encapsulated tissues against the recipient's immune system (both humoral and cellular immunities) while allowing an additional 5 months (9). One explanation for this limited long-term diabetes correction could be the limited oxygen supply for encapsulated islets in subcutaneous tissue.
We previously demonstrated that the semipermeable membrane of the MCD, alginate PRONOVA SLM 100 3% (sterile lyophilized high M alginate) (FMC BioPolymer AS d/b/a NovaMatrix, Drammen, Norway), is a biocompatible material allowing oxygenation levels that are adequate for the survival and function of islets implanted subcutaneously in a nondiabetic rat model (~5% O 2 ) (30) . Recently, we demonstrated that the diabetic state and oxygen consumption by encapsulated cells induce nonoptimal oxygen levels (~2% O 2 ) for the survival and function of encapsulated islets (29) . In addition, mesenchymal stem cells extracted from bone marrow (BM-MSCs) and adipose tissues (AMSCs) demonstrated proangiogenic properties by (i) in vitro secretion of vascular endothelial growth factor (VEGF) and (ii) in vivo, by improved subcutaneous MCD angiogenesis and, consequently, oxygenation during the early phase (1-4 weeks) posttransplantation (~4% O 2 ) in an STZ-induced diabetic rat model (29) .
Therefore, the aim of this study was to assess (i) in vitro: the impact of the BM-MSC or AMSC supplementation on islet survival, function, and oxygen consumption rate; (ii) in vivo: the impact of islet and BM-MSC or AMSC coencapsulation on implant oxygenation, vascularization, and diabetes control in STZ-induced diabetic rats and primates, for short-and long-term graft outcomes, respectively.
MATERIALS AND METHODS

Animals
Adult female Landrace pigs (>200 kg, n = 8) (Rattlerow Seghers, Lokeren, Belgium) were used as islet donors. AMSCs and BM-MSCs were harvested from female Landrace pigs weighing less than 60 kg (<6 months old).
Coencapsulated islets and MSCs were transplanted into recipients with STZ-induced diabetes: (i) 14 male Wistar rats weighing 150 to 250 g (islets + BM-MSCs, n = 6; islets + AMSCs, n = 8) (local animalery) and (ii) 10 male cynomolgus monkeys (>3 years old, 3-5 kg) (islets + BM-MSCs, n = 4; islets + AMSCs, n = 6) (Hartelust, The Netherlands) (Fig. 1) . The results obtained with these animals were compared to results previously published by our group on the transplantation of islets alone in Wistar rats (29) and primates (9).
The procedures were approved by the local Ethics Committee for Animal Care of the Université catholique de Louvain.
Pig BM-MSC and AMSC Isolation, Expansion, and Characterization
Pig BM-MSC and AMSC Isolation and Expansion. Pig BM-MSCs and AMSCs were isolated as previously described (29) . Briefly, heparinized (LEO Pharmanv-sa, Lier, Belgium) bone marrow was mixed with a double volume of phosphate-buffered saline (PBS; Lonza, Verviers, Belgium) and layered over a Ficoll-Hypaque column (density: 1.077; Lymphoprep, Nycomed, Oslo, Norway). After centrifugation for 30 min at 1,250 × g, the mononuclear cells were collected from the interface and washed in PBS at 450 × g for 10 min. The cells were placed in culture flasks (Gibco, Grand Island, NY, USA) in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and antibiotics (penicillin 100 U/ ml and streptomycin 100 µg/ml; all from Lonza) (24, 26) .
Porcine fatty tissues were cut in a Petri dish and placed in collagenase (0.075 g; Sigma-Aldrich, St. Louis, MO, USA) reconstituted in Hank's balanced salt solution (with calcium and magnesium ions) at 37°C for 60 min. After digestion, the collagenase was inactivated in DMEM supplemented with 10% heat-inactivated FBS, l-glutamine (2 mM), and antibiotics (penicillin 100 U/ml and streptomycin 100 µg/ml), all purchased from Lonza. Collected tissue was centrifuged for 10 min at 450 × g. After filtration through a 500-µm mesh screen (Haver, Battice, Belgium), the tissue was centrifuged for 10 min at 450 × g and then resuspended in proliferation medium made of DMEM supplemented with 10% FBS and antibiotics (penicillin 100 U/ml and streptomycin 100 µg/ml).
This initial passage of the primary cells was referred to as passage 0 (P0). After 24 to 48 h of incubation at 37°C at 5% CO 2 , cell cultures (both BM-MSCs and AMSCs) were washed with PBS and maintained in media up to P4 and then placed either in 24-well plates (Gibco) or on decellularized and lyophilized human fascia lata (i.e., human acellular collagen matrix) (7) for the assessment of the impact of MSC and islet coincubation on in vitro survival and function and in vivo improvement of oxygen tension and diabetes control.
In Vitro Characterization of BM-MSCs and AMSCs.
BM-MSCs and AMSCs were stained with saturating amounts of monoclonal cluster of differentiation 90 (CD90), CD44, CD45, CD73, and CD105 antibodies (BD Pharmingen, San Diego, CA, USA) conjugated with phycoerythrin (PE) (CD44, CD45, CD90) or fluorescein isothiocyanate (FITC) (CD73, CD105). At least 10,000 events were analyzed by flow cytometry (FACScan, BD Biosciences, Erembodegem, Belgium) with CellquestPro software.
To confirm MSC multipotency, both bone marrow and adipose sources underwent adipogenesis, osteogenesis, and chondrogenesis by differentiation in specific adipocyte, osteoblast, and chondroblast induction media, respectively, as already described (25). Alzarin red (Sigma-Aldrich), Alcian blue (AppliChem GmbH, Darmstadt, Germany), and oil red (Sigma-Aldrich) staining were used to confirm osteogenic, chondrogenic, and adipogenic phenotypes after differentiation.
Pig Islet Isolation. Pig islets were isolated following a previously described method (8). Adult pigs were euthanized at a local slaughterhouse (Centre A. de Marbaix, Louvain-la-Neuve, Belgium). Cerebral death was obtained by penetrating bolt gun. Pigs were exsanguinated, and the pancreases were harvested, placed on ice, and perfused with cold modified University of Wisconsin (UW) solution (no hydroxyethyl starch and low K + /high Na + ; allopurinol, D-(+)-raffinose pentahydrate, glutathionefree acid reduced, lactobionic acid-free acid, potassium phosphate monobasic, magnesium sulfate; all from Sigma-Aldrich) (8). The warm ischemia time varied from 11 to 40 min. The pancreases were placed in a box with modified UW solution at 4°C for the transport to the lab. The cold ischemia time varied from 60 to 171 min.
After being completely dissected, each pancreas was subjected to modified static digestion. After being infused with Liberase DL Research Grade (Roche/Boehringer Mannheim, Brussels, Belgium; 0.43 mg/ml) dissolved in modified UW solution, the pancreas was placed in a sterile 1-L Nalgene jar (Nalgene, Rochester, NY, USA) for digestion by static incubation at 37°C for 30-45 min. After filtration through a 500-µm filter and purification in a Ficoll gradient (densities 1.11, 1.096, 1.06; Mediatech, Manassas, VA, USA), the islets were suspended in Ham-F10 (Gibco) + 10% newborn calf serum (Merck-Eurolab, Overijse, Belgium).
In Vitro Effect of MSC Incubation With Islets
Effect of MSCs on Islet Oxygen Consumption. The impact of MSCs on total cellular oxygen consumption was assessed in vitro by electronic paramagnetic resonance (EPR) on a Bruker EMX EPR spectrometer (Ettlingen, Germany) operating at 9 GHz (5,15). Protocol for in vivo assessment of the impact of MSCs on monolayer cellular device (MCD) oxygenation, neovascularization, survival, and function. Porcine BM-MSCs and AMSCs were coencapsulated with pig islets in MCDs and implanted subcutaneously in (i) 14 diabetic rats and (ii) 10 diabetic nonhuman primates to improve angiogenesis and islet survival. Oxygenation of MCDs implanted in rats was followed weekly for 4 weeks by EPR. Metabolic and immunologic courses were assessed up to 37 weeks posttransplantation. Neovascularization in the MCD periphery was assessed after graft explantation (4 weeks posttransplantation for rats, up to 37 weeks posttransplantation for primates). HACM, human acellular collagen matrix; BM-MSCs, bone-marrow mesenchymal stem cells; AMSCs, adipose mesenchymal stem cells; NFBG, nonfasting blood glucose; FBG, fasting blood glucose; HbA1c, glycated hemoglobin, EPR, electronic paramagnetic resonance; BW, body weight; VEGF, vascular endothelial growth factor; vWF, von Willebrand's factor.
Oxygen consumption by pig islets alone, AMSCs and BM-MSCs alone, or islets coincubated with AMSCs or BM-MSCs at both 5 mM (normoglycemic) and 20 mM (hyperglycemic) glucose (Baxter, Lessines, Belgium) was evaluated. One hundred microliters of culture medium [Rose Park Memorial Institute (RPMI) medium (Lonza) containing 10% heat-inactivated fetal calf serum, 100 IU/ml penicillin, 100 µg/ml streptomycin, 5 or 20 mM glucose (G5 and G20, respectively)] containing islets (20,000 islets), MSCs (500,000 cells), or islets + MSCs (20,000 islets + 500,000 MSCs) were suspended in 10% dextran [dextran from Leuconostoc mesenteroides (molecular weight: 65,000-76,000), Sigma-Aldrich] in a complete medium in the presence of neutral nitroxide, 15 N 4-oxo-2,2,6,6-tetramethylpiperidine-d16-15N-1-oxyl at 0.2 mM (CDN Isotopes, Pointe-Claire, Quebec, Canada) as an oxygen probe. Glass capillaries were filled with this preparation. The probe was previously calibrated so that the line width measurements could be related to O 2 concentration. The oxygen consumption by total incubated cells was thereby evaluated.
The sealed tubes were placed into quartz EPR tubes (hematocrit tubes, Hirschmann, Eberstadt, Germany), and the samples were maintained at 37°C. Oxygen pressure (pO 2 ) measurements were performed each minute over a 10-min period. With the resulting line width reports on pO 2 , it was possible to calculate oxygen consumption rates by measuring the pO 2 in the closed tube as a function of time and to subsequently compute the slope (k value) of the resulting plot. The area under the curve (AUC) was also calculated as the sum of the surface area between each point.
Three independent tests per situation were performed.
Effect of MSCs on Islet Survival and Function.
To assess the impact of MSCs on islet survival and function, BM-MSCs and AMSCs were cocultured with freshly isolated islets. The viability and function were assessed after 48 h.
Islet Viability. One thousand isolated pig islets (24 h after isolation) were placed in 24-well plates and cultured alone or with confluent pig BM-MSCs or AMSCs. Cells were cultured for 48 h in 1 ml of RPMI medium containing 10% heat-inactivated FBS, 100 IU/ml penicillin, and 100 µg/ml streptomycin with glucose concentrations of 5 mM (normoglycemic) or 20 mM (hyperglycemic).
Islet viability was assessed by dithizone (DTZ) staining in function of islet size evaluated by morphometrical analysis.
After 48 h of incubation, supernatant was removed and replaced by DTZ solution (Merck, Darmstadt, Germany) . The numbers of islets were counted in five nonoverlapping areas per well (magnification 10×). After capture of pictures of wells, ImageJ 1.43i software (NIH, Bethesda, MD, USA) was used to quantify the proportion of the area (in pixels 2 ) occupied by islets in three nonoverlapping areas per well. Mortality of islets was assessed after trypan blue (Lonza, Walkersville, MD, USA) staining. Islets were examined microscopically in three nonoverlapping areas (magnification 10×) and classified into five categories (<25%, 26-49%, 50-74%, 75-99%, 100% of viable cells per islet). The proportion of islets in each category was thereafter quantified, and islets were classified as "bad islets" (BI) (<25% viable cells per islet) and "good islets" (GI) (>75% viable cells per islet).
Experiments were performed in triplicate.
Islet Function. The impact of islet and MSC coincubation on islet function was assessed in vitro. Porcine BM-MSCs and AMSCs were cultured in 12-well culture plates (Gibco) until confluence was reached. After isolation and overnight culture in Ham-F10 medium, 100 handpicked porcine islets were incubated alone or with BM-MSCs or AMSCs for 48 h in 2 ml RPMI at 5 mM glucose. Function of islets was thereafter assessed by 24-h incubation in 2 ml RPMI at 5 (G5), 15 mM glucose (G15), and 15 mM glucose + 1 µM forskolin (Fsk) (G15 + Fsk) (Calbiochem-Behring, San Diego, CA, USA) (added from a millimolar stock solution in di methyl sulfoxide; Sigma-Aldrich). Six replicates per time and tested glucose concentration were performed. Media were thereafter recovered for insulin quantification, and islets were transferred in acid-ethanol for extraction and quantification of hormones by radioimmunoassay (Human-specific RIA kit; Millipore, Billerica, MA, USA). A cross-reaction of 100% between human and porcine insulin was described by the manufacturer for RIA kits.
In Vivo Effect of MSC Cotransplantation With Islets
The effects of islet and MSC coencapsulation on implant oxygenation and graft function and survival were assessed in vivo in diabetic rats and primates, respectively ( Fig. 1) .
STZ-induced (55 mg/kg) diabetic Wistar rats weighing 150 to 250 g (nonfasting blood glucose greater than 240 mg/dl for 4 consecutive weeks) were subcutaneously transplanted with pig islets coencapsulated with AMSCs (n = 8) or BM-MSCs (n = 6). Oxygen pressures inside implants were followed weekly for 4 weeks. Results were compared with diabetic rats previously grafted with islets encapsulated alone (n = 8) (29).
STZ-induced diabetic primates (single to multiple doses of 50 mg/kg) were transplanted with pig islets coencapsulated with pig BM-MSCs (n = 4) or pig AMSCs (n = 6). Metabolic and immunological courses were monitored to the point of implant dysfunction. In addition, diabetic state was monitored after graft removal. Neoangiogenesis of explanted grafts was finally assessed. Results were compared with those from primates previously transplanted with islets encapsulated alone (n = 5) (9).
Primates [mean fasting blood glucose (FBG) at 66 mg/ dl and mean glycated hemoglobin (HbA1c) at 5.7%, mean body weight at 4.2 kg] were rendered diabetic by single or repeated intravenous injections of 50 mg/kg STZ as previously described (12). A FBG > 150 mg/dl and HbA1c > 13% associated with glycosuria, polyuria, and polydipsia demonstrated the diabetic state. In addition, anti-insulin immunohistochemistry was performed on primate pancreases at the end of the experiment to confirm the destruction of endogenous b-cells.
Coencapsulation and Transplantation of Pig Islets and MSCs.
MCDs composed of islets and MSCs were prepared as described previously (9,29). Both BM-MSCs and AMSCs cultivated up to confluence on human acellular matrix (HACM) were coencapsulated with 125 to 300 freshly isolated pig IEQs/g (for diabetic rats) and 15,000 to 62,500 freshly isolated pig IEQs/kg (for diabetic primates) with 3% w/v SLM-100 alginate (Batch 110064, FMC BioPolymer, Drammen, Norway) containing a high concentration of mannuronic acid (high-M; 56%) and a low endotoxin level (endotoxin < 25 EU/g). In a previously published study primates were transplanted with 16,000 to 33,500 IEQs/kg encapsulated alone (9).
Diabetic rats were transplanted with coencapsulated pig islets and BM-MSCs or AMSCs in small subcutaneous pockets located in a right paravertebral site. Diabetic primates were transplanted with pig islets coencapsulated with BM-MSCs or AMSCs in abdominal and dorsal subcutaneous tissues.
In Vivo Graft Oxygenation in Diabetic Rats. The pO 2 inside the MCD was studied for up to 4 weeks after transplantation under gas anesthesia (isoflurane; FORENE ® , Wavre, Belgium), which preserves tissue oxygenation (2). An EPR spectrometer (Magnettech, Berlin, Germany) equipped with a low-frequency microwave bridge operating at 1.2 GHz and an extended loop resonator (1-cm depth sensitivity) was used for pO 2 measurements (13).
At 1, 2, 3, and 4 weeks after implantation, pO 2 inside the grafts was monitored. Rats were anesthetized and placed in the EPR spectrometer, with the region of graft implantation positioned under the surface coil. EPR spectra were recorded with a modulation amplitude less than one third of the peak-to-peak line width.
In Vivo Graft Assessment in Diabetic Primates
Metabolic Course After Transplantation. Levels of FBG (Accu-Chek sensor, Mannheim, Germany), HbA1c concentrations [MetricaA1c Now+ diagnostic kit (Euromedix NV, Leuven, Belgium)], and body weight were followed weekly. Polyuria, polydipsia (measure of the volume), and glycosuria [VetstiX(R): Melet Schloesing Laboratoires, Osny, France] were monitored twice a day.
In addition, the graft function was assessed by performing an intravenous glucose tolerance test (IVGTT) prior to diabetes induction, before transplantation, and at a mean of 28 weeks postimplantation (islets + MSCs) or 22 weeks postimplantation (islets alone) (9). A dose of 0.5 g/kg body weight 50% w/v glucose was injected intravenously. Blood samples were taken before and 1, 6, 10, 20, 30, and 60 min after glucose injection for serum glucose and insulin quantification by radioimmunoassay (insulin-specific RIA kit, Millipore).
Humoral Response After Transplantation. Detection of anti-porcine IgM and IgG (9,10): Specific anti-porcine IgM and IgG antibodies were detected in primate sera by flow cytometry using a fluorescence-activated cell sorter (pretransplantation and 14, 30, 60, and 90 days posttransplantation for IgM; pretransplantation and 30, 60, 90, and 120 days posttransplantation for IgG). Two hundred thousand pig PBMCs were used as specific targets and incubated for 20 min at 4°C with 100 µl of primate serum (from our own primates; diluted 1/20). After washing, 100 µl of anti-primate IgM (Lo-BM2) or IgG (Lo-hG-22) fluorescein isothiocyanate-conjugated antibodies (diluted 1/100; Université catholique de Louvain, Experimental Immunology Unit, Brussels, Belgium) was added and incubated for 20 min at 4°C. Cells were then washed and counted (FACScan) with CellquestPro software.
a-Galactosyl (a-Gal)-enzyme-linked immunosorbent assay: The anti-a-Gal specificity was characterized by enzyme-linked immunosorbent assay (ELISA) pretransplantation and at 7, 30, 60, 90, and 120 days posttransplantation.
Flat-bottomed, 96-well Maxisorb plates (NUNC A/S, Roskilde, Denmark) were coated overnight at 4°C with 0.05 µg of human serum albumin a-galactosyl (Dextra Laboratories Ltd., Reading, UK). Fifty microliters of primate serum (diluted 1/10) was then added and incubated for 1 h at 37°C. After washing in PBS-Tween (Merck, Darmstadt, Germany), the plates were incubated for 1 h at 37°C with 100 µl of anti-primate IgG (Lo-hG-22) peroxidase-conjugated antibodies (diluted 1/100; Université catholique de Louvain, Experimental Immunology Unit). The plates were then washed and developed for 3-5 min with ortho-phenylenediamine (Sigma-Aldrich, Bornem, Belgium), and absorbance at 492 nm was measured (9).
Cytotoxicity of anti-pig IgG antibodies: The cytotoxicity level of anti-pig antibodies found in primate sera was determined by flow cytometry complement-mediated cytotoxicity assay at 30 and 120 days posttransplantation. Five hundred thousand pig PBMCs were used as specific targets and incubated for 30 min at 4°C with 100 µl of heat-inactivated primate serum. After two washings in PBS, 0.05% azide (w/v) (Merck, Darmstadt, Germany), 1% bovine serum albumin (BSA, v/v; Sigma-Aldrich, Bornem, Belgium), cells were incubated for 30 min at 37°C with rabbit complement (AbD Serotec, Düsseldorf, Germany). After two washings in PBS-azide 0.05%-BSA 1%, 1.6 µg of propidium iodide (Sigma-Aldrich) was added and incubated in the dark for 15 min at room temperature. Cells were counted (FACScan) with Cellquest Pro software after one step of washing. The percentage of cytotoxicity was calculated as 100 × [1 − (% living cells after incubation with heat inactivated "test" serum − rabbit complement)/(% living cells after incubation with the corresponding heat-inactivated "pretransplant" serum -rabbit complement)] (20).
Assessment of Implant/Pancreas Hormonal Content and Implant Neovascularization. After graft removal, explanted grafts as well as rat and primate pancreases underwent histological examination. After overnight fixation in formol (VWR International SA, Leuven, Belgium) at room temperature, explants and pancreases were embedded in paraffin and cut into 5-µm-thick sections. Sections of MCDs were thereafter routinely colored with hemalun-eosin (Merck) to assess the presence of MSCs in the explanted MCDs. Sections of MCDs and pancreas were immunohistologically stained for insulin (1:1,200; Abcam, Cambridge, UK) and glucagon (1:100; BD Biosciences) to characterize the hormonal content.
Tissues surrounding the grafts were also taken to assess the neovascularization of implants. Masson's trichrome staining (Merck) was performed to determine the degree of angiogenesis and vascular density by image analysis with Image J 1.43i software, which was used to quantify the proportion of the area (in pixels 2 ) occupied by vessels in three nonoverlapping counting areas per slide.
Immunostainings of VEGF (1:50; Clone A20, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and von Willebrand factor (vWF) (factor VIII) (for primate tissues only) (1:1,000; DAKO, Enschede, The Netherlands) were performed by immunohistochemistry.
The number of vessels, as well as the number of VEGFand factor VIII-positive cells per area was quantified by histomorphometry in 10 nonoverlapping areas per slide (original magnification 25´ with a 400 ´ 400-µm 2 grid).
Statistics
Values are presented as means ± SD except when otherwise specified. The one-sample Kolmogorov-Smirnov test was used to assess the normal distribution of values. The statistical significance of differences between more than two experimental groups with a normal distribution was tested by one-way analysis of variance with a Bonferroni post hoc test; groups with nonnormal distribution were analyzed by Kruskal-Wallis tests. The statistical tests were carried out with Systat version 8.0. Differences were considered to be significant at p < 0.05.
RESULTS
In Vitro Pig BM-MSC and AMSC Characterization
BM-MSCs and AMSCs were confirmed as stem cells by CD90, CD44, CD45, CD73, and CD105 expression by flow cytometry and differentiation in adipocytes, osteocytes, and chondrocytes as recommended (6).
Both undifferentiated BM-MSCs and AMSCs presented a fibroblast phenotype in the proliferation medium. In contrast, the osteoinduction was confirmed by alzarin red staining as well as chondrogenic and adipogenic phenotype (after differentiation) by alcian blue and oil red stainings, respectively.
In Vitro Assessments
Effect of MSCs on Islets Oxygen Consumption. Oxygen consumption of AMSCs, BM-MSCs, and islets (alone or in coincubation) was investigated in vitro to assess the impact of MSC coencapsulation on islet oxygen consumption in normoglycemia (5 mM glucose) and hyperglycemia (20 mM glucose). MSC source or the glycemic state did not significantly influence the rate of oxygen consumption during 10 min (k values of −4.6 and −7.9, FACING PAGE Figure 2 . Assessment of oxygen consumption rate and impact of MCSs and islets coculture on islet survival and function. (A) Oxygen consumption rate of BM-MSCs and AMSCs at 5 mM glucose. A significantly higher oxygen consumption rate (AUC, area under the curve) was found for AMSCs alone, AMSCs + islets, and BM-MSCs + islets in comparison to islets alone and BM-MSCs alone (*p < 0.05). (B) Oxygen consumption rate of BM-MSCs and AMSCs at 20 mM glucose. A significantly higher AUC was calculated for AMSCs alone or islets coincubated with AMSCs in comparison with islets alone and islets coincubated with BM-MSCs (#p < 0.05). A significantly higher AUC was found for islets coincubated with BM-MSCs in comparison with islets alone ($p < 0.05). (C) Impact of MSCs and islet coincubation on islet survival after 48 h of incubation with 5 mM glucose. Coincubation of islets with AMSCs showed a lower proportion of bad islets (BI) and a higher proportion of good islets (GI) in comparison to islets alone (*p < 0.05). (D) Impact of MSCs and islet coincubation on islet survival after 48 h of incubation with 20 mM glucose. A higher proportion of BI was found with islets alone in contrast with the coincubation of islets with AMSCs (˚p < 0.05). A higher proportion of GI was found with islets coincubated with AMSCs alone in comparison to islets alone or islets coincubated with BM-MSCs ( §p < 0.05). (E) Impact of MSCs and islet coincubation on insulin stimulation index. Higher stimulation indexes were found for islets coincubated with AMSCs in comparison to islets alone and islets coincubated with BM-MSCs. (F) Impact of MSCs and islet coincubation on islet insulin content. Stable insulin content was found in islets coincubated with AMSCs in contrast with decreased insulin content upon glucose stimulation for islets alone and islets coincubated with BM-MSCs. G15 + Fsk = 15 mM glucose + 1 µM forskolin; G5 = 5 mM glucose. −2.6 and −2.3, and −6.4 and −3.6 for AMSCs, BM-MSCs, and islets alone and in 5 mM and 20 mM glucose, respectively). The addition of MSCs to islets did not significantly increase the rate of oxygen consumption (k values of −9.9 and −9.1; −8.3 and −6.7 for islets + AMSCs or islets + BM-MSCs at 5 mM and 20 mM glucose, respectively). However, AMSCs alone, AMSCs + islets, and BM-MSCs + islets showed a significantly higher area under the curve (AUC) in comparison to islets alone and BM-MSCs alone (718.9, 1042.5, and 841.2 vs. 102.8 and 300.4 normalized % O 2 /min, respectively) at 5 mM glucose ( Fig. 2A) , indicating a higher O 2 consumption. In hyperglycemic conditions, a higher AUC was found for AMSCs alone and AMSCs + islets in comparison to islets alone and BM-MSCs (841.8 and 869.0 vs. 245.9 and 460.3 normalized % O 2 /min, respectively) (Fig. 2B) .
BM-MSCs + islets also showed a significantly higher AUC in comparison to islets alone (841.1 vs. 245.9 normalized % O 2 /min, respectively).
Effect of MSCs on Islets Survival and Function
Islets Survival. Islets were classified as BI (<25% viable cells per islet) or GI (>75% viable cells per islet). After 48 h of incubation with 5 mM glucose, better cellular survival was found for islets coincubated with AMSCs than islets alone as shown by a lower proportion of BI and a higher proportion of GI in comparison to islets alone (p < 0.05) (Fig. 2C) .
Islets coincubated with AMSCs in hyperglycemic conditions also showed a lower proportion of BI and a higher proportion of GI than islets alone (p < 0.05) (Fig. 2D) .
After 72 h of incubation with 5 mM glucose, islets alone showed a higher proportion of BI in comparison to islets coincubated with AMSCs/BM-MSCs (p < 0.05) (data not shown).
A higher proportion of BI was found for islets alone in comparison to islets + AMSCs or BM-MSCs at 20 mM glucose after 72 h of incubation (p < 0.005). In contrast, a higher proportion of GI was found for islets + AMSCs in comparison to islets coincubated with BM-MSCs and islets alone (p < 0.01) (data not shown).
A significant decrease in islet number was gradually found (for each experimental group) between 24 and 72 h of culture (p < 0.05).
Significantly larger islets were found at 48 h in comparison to 24 and 72 h for islets coincubated with BM-MSCs or AMSCs at 5 mM glucose in comparison to islets alone (p < 0.01). In contrast, significantly larger islets were found at 24 h of culture with BM-MSCs at 20 mM glucose versus 48 and 72 h (p < 0.05).
Islets Function (Insulin Production).
After glucose stimulation during 24 h, significantly higher insulin secretion was found for islets coincubated with AMSCs, which was associated with higher stimulation indexes in comparison to other groups (31,340 ± 7,769 mU/ ml vs. 50,709 ± 25,883 mU/ml at G5 and G15 + Fsk, respectively, for islets + AMSCs; 15,614 ± 14,035 mU/ml vs. 6,092 ± 8,112 mU/ml at G5 and G15 + Fsk, respectively, for islets + BM-MSCs and 23,942 ± 6,574 mU/ml vs. 25,578 ± 6,402 mU/ml at G5 and G15 + Fsk, respectively, for islets alone). Moreover, islet insulin content was also higher for islets + AMSCs in comparison to other groups (170,581 ± 7,769 mU/ml vs. 191,355 ± 64,921 mU/ml at G5 and G15 + Fsk, respectively, for islets + AMSCs; 350,440 ± 67,090 mU/ml vs. 230,585 ± 110,273 mU/ml at G5 and G15 + Fsk, respectively, for islets + BM-MSCs and 220,116 ± 98,565 mU/ml vs. 29,973 ± 25,500 mU/ml at G5 and G15 + Fsk, respectively, for islets alone). The insulin content in the islets + AMSCs group was stable and correlated with better cellular survival, but insulin content decreased after glucose stimulation in islets alone and islets + BM-MSC groups (Fig. 2E, F) .
In Vivo Assessments
In Vivo Graft Oxygenation in Diabetic Rats (Fig. 3) . A significantly higher pO 2 was found in MCDs containing islets coencapsulated with AMSCs in comparison to islets alone at 3 and 4 weeks after transplantation (p < 0.001) (Fig.  3A) . The cotransplantation of islets with AMSCs induced a significant increase of the AUC, indicating a better oxygenation, in comparison to islets + BM-MSCs and islets alone (mean AUC of 10.5 ± 0.8% O 2 /week in comparison to 8.9 ± 0.5 and 4.3 ± 1.1% O 2 /week, respectively, p < 0.01).
In Vivo Assessment in Diabetic Primates
Metabolic Course After Transplantation. Seven primates out of 10 underwent anticipated implant removal from 24 h to 29 weeks posttransplantation independent of graft dysfunction. Primate 08-11 died at 17 weeks posttransplantation from small bowel intussusception, primate 09-011 died 1 day after transplantation from severe hypoglycemia, primate 09-182 removed one graft at 19 weeks postimplantation and the other one (last one) at 28 weeks, primate 09-178 removed one graft 1 week posttransplantation, primate 09-183 lost significant body weight (30%) after STZ treatment, primate 10-037 died from dehydration 2 weeks after transplantation, and primate 10-034 suffered from hepatic failure following STZ treatment.
Primates transplanted with pig islets coencapsulated with BM-MSCs demonstrated normalized glycemia for up to 31 weeks postimplantation (Fig. 3B, C) . Mean FBG and HbA1c of 93 mg/dl and 9.2%, respectively, were found at 24 weeks posttransplantation (n = 2 of 4). The cotransplantation of islets and AMSCs showed a diabetes correction for a maximum of 32 weeks (Fig. 3E, F) . At 24 weeks posttransplantation, a mean FBG of 125 mg/dl and mean HbA1c of 9.3% were observed (n = 2 of 6). Primates previously grafted with islets alone showed mean FBG and HbA1c of 215 mg/dl and 9.8%, respectively, at 24 weeks posttransplantation (n = 5 of 5) (9).
At 28 weeks postimplantation, a mean HbA1c of 7.4% and 8.1% was observed for islets + BM-MSCs and islets + AMSCs, respectively. These HbA1c were lower than those observed in primates previously grafted with islets alone (mean of 10.9%) (9).
Representative IVGTT curves prior to STZ treatment, prior to transplantation, and at a mean of 28 weeks posttransplantation (islets + MSCs) are shown in Figure 4 . A maximal insulin secretion in primate serum of 44.6 and 27.4 µU/ml was measured for islets + BM-MSCs and islets + AMSCs, respectively, at 20 min post-glucose injection, in comparison to 1.7 µU/ml for islets alone (data not shown).
After graft removal, glycemia increased to pathologic levels in all transplanted primates (208 ± 109 mg/dl).
The body weight was maintained at 104 ± 12% and 114 ± 19% of initial body weight at 12 weeks posttransplantation of islets + BM-MSCs or AMSCs, respectively. At 28 weeks posttransplantation, primates grafted with islets + BM-MSCs and islets + AMSCs demonstrated 100 ± 4% and 100 ± 18% of initial body weight, respectively.
After graft dysfunction or removal by the primate, insulin staining was performed on explanted grafts. Insulin-positive cells were observed up to 30 weeks postimplantation for islets + BM-MSCs (Fig. 3D ) and up to 29 weeks postimplantation for islets + AMSCs (Fig. 3G) . In contrast, only small clusters of b-cells were found in the pancreas of primates, confirming the destruction of b-cells by STZ treatment and the diabetic state.
Humoral Response After Transplantation. The humoral response against pig islets was assessed by analysis of sera from transplanted primates by flow cytometry. The presence of preformed anti-pig antibodies was confirmed by the detection of both IgM and IgG in primates' sera prior to transplantation. The levels of anti-pig antibodies increased after transplantation in all primates. IgM and IgG reached a maximum at day 14 and day 30, respectively, and decreased thereafter (Fig. 5A) . Some of the antibodies detected were directed against the a-Gal epitope, as confirmed by ELISA (Fig. 5B) . The ability of immunoglobulins to activate complement was confirmed by fluorescence-activated cell sorting (FACS) at days 30 and 120 posttransplantation (Fig. 5C) . A reduction of the cytotoxicity titer of anti-pig antibodies was found at 120 days. Sera from primates previously grafted with islets alone (9) were also tested as controls. No difference in terms of anti-pig antibodies and cytotoxicity was observed between experimental groups (Fig. 5B, C) .
Assessment of Implant Neovascularization. The neovascularization of implants was compared for each group by histomorphometry analysis on the thin membrane surrounding MCDs (Fig. 6) .
In rats, similar numbers of vessels per area and of VEGF-expressing cells per area were found in the periphery of islets coencapsulated with BM-MSCs or AMSCs at 4 weeks posttransplantation. In contrast, a significantly higher number of vessels per area as well as a higher number of VEGF-expressing cells per area were found in periphery of islets coencapsulated with either AMSCs or BM-MSCs in comparison to islets alone (p < 0.05) (data not shown).
In primates, a significantly higher number of vessels per area (Fig. 6A ) as well as a higher number of vWF-positive cells per area (Fig. 6E) were found in the periphery of islets coencapsulated with AMSCs (mean of 18 weeks postimplantation) (Fig. 6D, H, respectively) or BM-MSCs (mean of 24 weeks postimplantation) (Fig. 6C , G, respectively) in comparison to islets alone (mean of 28 weeks postimplantation) (p < 0.01) (Fig. 6B, F, respectively) . In contrast, no significant difference was observed between the AMSCs + islets and BM-MSCs + islets groups.
A significantly higher number of VEGF-positive cells per area (Fig. 6I) was quantified in the periphery of islets coencapsulated with AMSCs (Fig. 6L ) in comparison to islets alone (Fig. 6J ) and islets coencapsulated with BM-MSCs (p < 0.001) (Fig. 6K) .
However, no significant difference in the vascular density around explanted grafts was found between tested groups (Fig. 6M) .
DISCUSSION
Despite continuous improvements in the field of encapsulated islet transplantation, bioartificial pancreases still need to be improved to support graft neovascularization and oxygenation, reduce posttransplantation stress, support islet function, and ensure long-term graft survival and function.
Since oxygen levels inside a subcutaneous bioartificial pancreas are not sufficient to ensure optimal survival and function of encapsulated islets (~2% O 2 vs. ~5% O 2 for encapsulated islets vs. native pancreatic islets, respectively) (3, 4, 29) , the use of MSCs was proposed to improve implant vascularization and, consequently, graft oxygenation.
The first question addressed in this work was to investigate the impact of MSC supplementation on islet survival and function. We showed that AMSCs improved in vitro islet survival both in normo-and hyperglycemic conditions. This was associated with better islet function. After glucose stimulation, islets showed increased insulin secretion, but stable insulin content (in normo-and hyperglycemic conditions) was observed only for islets coincubated with AMSCs. Insulin content in islets alone or islets + BM-MSCs decreased 30% to 90% after glucose stimulation. These results are in accordance with other studies published recently. BM-MSCs demonstrated in vitro improvement of islet viability and insulin secretion, associated with increased levels of antiapoptotic molecules (16).
However, the cellular encapsulation can modify the metabolism of both MSCs and islets macroencapsulated in the MCD. By increasing the number of cells per volume unit, the coencapsulation of MSCs and islets could increase the oxygen consumption rate by encapsulated cells and therefore limit the amount of oxygen available for transplanted islets. We confirmed in vitro that islets coincubated with AMSCs showed an increased oxygen consumption rate in comparison to islets alone, both in normo-and hyperglycemic conditions. In contrast, increased oxygen consumption by islets + BM-MSCs versus islets alone was observed only in hyperglycemic conditions. This discrepancy between both cell types can be explained by a higher metabolism of AMSCs than BM-MSCs, especially in hyperglycemic conditions, associated with a higher cellular turnover. Adipose tissue-derived stem cells showed a higher proliferation capacity in comparison to BM-MSCs (6.1 ± 2.3 days vs. 9.0 ± 1.9 days between each passage for AMSCs vs. BM-MSCs, respectively) (25). Although encapsulated AMSCs alone demonstrated a beneficial effect on implant neovascularization and oxygenation in vivo (29), their significant oxygen consumption could limit the amount of oxygen available for coencapsulated islets.
Consequently, it was important to study the impact of islet and MSC coencapsulation and transplantation on graft vascularization and oxygenation. In contrast to an increase in oxygen consumption by MSCs in vitro, improved vascularization of the MCD (number of vessels and number of VEGF-expressing cells per area) was found in the short term (4 weeks) in vivo for islets cotransplanted with either BM-MSCs or AMSCs in comparison to islets alone. This higher vascularization was correlated with higher graft oxygen levels (3% and 3.6% O 2 for islets + BM-MSCs or AMSCs, respectively, vs. 2.2% for islets alone). Improved graft vascularization by MSCs was also found in a model of cotransplantation of islets and kidney-derived MSCs or AMSCs in diabetic animals in comparison to islets alone (18, 21) . Improved early graft vascularization and oxygenation are particularly important because they can prevent cell loss during the first days postimplantation. Thirty percent of transplanted islets can be lost during the first week posttransplantation (before the establishment of a vascular network surrounding the graft) due to cellular stress following hypoxia (11).
The discrepancy between in vitro (a higher oxygen consumption by AMSCs) and in vivo (improvement of MCD oxygenation with AMSCs) results can be explained by a lower cellular turnover of encapsulated AMSCs after subcutaneous transplantation, which can induce a reduction of oxygen consumption by AMSCs and sensitivity of the host subcutaneous tissue to the VEGF (released by encapsulated AMSCs) with regard to improved neovascularization and consequently graft oxygenation. Although the early oxygenation of the graft can be improved by AMSCs in the MCD, the beneficial effects on graft function and diabetes correction remains unclear with longterm suboptimal vascularization.
To assess the impact of MSCs on islet survival and function as well as on graft vascularization in vivo long term, pig islets were coencapsulated with BM-MSCs or AMSCs and implanted subcutaneously in STZ-induced diabetic primates. The results were compared to primates previously grafted with islets encapsulated alone (9). Greater long-term vascularization was found in the periphery of islets coencapsulated with MSCs in comparison to islets alone (mean explantation time of 24 weeks). Although islets cotransplanted with MSCs showed a higher number of vessels surrounding the graft, no significant increase of the vascular density was found in comparison with islets alone. This can be explained by a higher concentration of small vessels surrounding implants made of islets + MSCs in comparison to MCDs containing islets alone (low number of large vessels). An increased number of vessels, even smaller, can probably facilitate molecule diffusion through the alginate membrane. Seven of the 10 transplanted primates underwent anticipated implant removal for reasons independent of graft function or biocompatibility. The analysis of the four other primates showed that the cotransplantation of islets with MSCs improved slightly graft survival and function. A mean of 23 and 30 weeks of diabetes correction was found for primates transplanted with islets and AMSCs or BM-MSCs, respectively, in contrast to 23 weeks for primates transplanted with islets alone, associated with a maximum graft function at 32 and 31 weeks for islets cotransplanted with AMSCs and BM-MSCs, respectively, in contrast to 28 weeks for islets transplanted alone. In addition, better diabetes correction was found for primates transplanted with islets coencapsulated with MSCs in comparison to islets encapsulated alone as revealed by a better correction of HbA1c. Although the diabetes correction was prolonged by the cotransplantation of MSCs in the MCD, this higher vascularization did not significantly sustain the diabetes correction long term (up to 8 months).
One explanation of this limited diabetes correction could be a higher immunization by cotransplanted MSCs in the MCD. Although the alginate membrane of the MCD is impermeable to molecules of 150 kDa (molecular weight of an IgG), peptides of low molecular weight (36 and 75 kDa) were shown to cross the alginate barrier (9,30). After the transplantation of encapsulated pig islets in diabetic primates, the production of anti-pig antibodies has been observed (9). These antibodies were mainly directed against the highly immunogenic a-galactosyl antigen (9). Porcine MSCs, like pig islets, were shown to express a-galactosyl antigen (19). In this study, no increase of anti-pig antibodies (IgM/IgG) was found in the sera of primates transplanted with islets + MSCs in comparison to islets alone. These results indicate that confluent encapsulated MSCs do not grow (outside MCD) long term. Moreover, no difference in antibody cytotoxicity was found between tested groups.
In conclusion, improvement of a bioartificial pancreas can be obtained through cotransplantation of MSCs and islets. Coincubation of islets and AMSCs increased islet survival and function in vitro. In addition, the cotransplantation of islets with BM-MSCs and AMSCs increased subcutaneous bioartificial pancreas vascularization and oxygenation in the short term (4 weeks), consequently reducing the cellular stress occurring in the first days posttransplantation. In a preclinical model, cotransplantation of islets and MSCs improved graft vascularization without increased production of anti-pig antibodies, showing that the procedure did not induce hyperimmunization of the recipient. However, it only slightly improved graft function and survival long term. The problem that remains to be overcome in islet transplantation is the identification of a renewable and long-acting b-cell source. MSCs could be expanded and differentiated, thus potentially constituting a continuous source of insulin-producing cells. Further investigations still need to be done in this field.
